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Summary: Although recruitment patterns of Pollicipes pollicipes (Crustacea: Scalpelliformes) in the wild have been inves-
tigated, no studies have yet focused on the factors that affect settlement. In the present paper, settlement of P. pollicipes on 
conspecifics (gregarious settlement) was investigated in the laboratory as a function of environmental conditions (hydrody-
namics, temperature, light and salinity), larval age and batch. This study aimed to understand how these factors modulate set-
tlement in the laboratory and elucidate how they might impact recruitment patterns in nature. Maximum attachment on adults 
was 30-35%, with a one-week metamorphosis rate of 70-80%. Batch differences affected both attachment and metamorpho-
sis. Attachment rate was higher at natural salinity (30-40 psu), with lower salinity (20 psu) decreasing metamorphosis rate. 
Cyprid attachment was stimulated by light conditions and circulating water. This might relate to a preference for positioning 
high in the water column in nature, but also to increased cyprid-surface contact in conditions of circulating water. Older 
cyprids (3 or 6 days) showed higher attachment than un-aged larvae, though fewer 6-day-old larvae metamorphosed. Tem-
perature did not affect attachment rate, but the metamorphosis rate decreased at 14°C (compared with 17 or 20°C), implying 
that differences in temperature during the breeding season can affect how quickly cyprids metamorphose to the juvenile. 
Cyprids survived for prolonged periods (≥20 days; 40% survival), likely due to efficient energy saving by intercalating long 
periods of inactivity with fast bursts of activity upon stimulation. 
Keywords: stalked barnacles; larva; settlement; attachment; metamorphosis; cyprids; aquaculture.
Modulación del asentamiento gregario del percebe, Pollicipes pollicipes: un estudio laboratorial
Resumen: Aunque se han investigado los patrones de reclutamiento de Pollicipes pollicipes (Crustacea: Scalpelliformes) en 
la naturaleza, actualmente no existen estudios sobre los factores que afectan al asentamiento larval. En el presente trabajo, el 
asentamiento de larvas de P. pollicipes sobre adultos conspecíficos (asentamiento gregario) fue investigado en el laboratorio 
en función de las variables ambientales (hidrodinamismo, temperatura, luz y salinidad), la edad y los distintos lotes de lar-
vas. Este estudio tuvo como objetivo comprender cómo estos factores afectaban al asentamiento en el laboratorio y elucidar 
el modo en que podrían afectar a los patrones de reclutamiento en el medio natural. La fijación máxima en adultos fue de 
30-35%, con una tasa de metamorfosis de 70 a 80% en una semana. Las tasas de fijación y de metamorfosis variaron depen-
diendo de los distintos lotes de larvas. La tasa de fijación fue superior cuando la salinidad era la natural (30-40 psu), mientras 
que la tasa de metamorfosis disminuía cuando la salinidad era inferior (20 psu). La fijación de la larva cipris se estimulaba 
en condiciones de luz y agua circulante, lo que puede estar relacionado con la preferencia por el posicionamiento de la larva 
cipris en lo alto de la columna de agua en el medio natural, y además, también con un mayor contacto entre la larva cipris 
con las superficies en condiciones de agua circulante. Las larvas cipris de más edad (de 3 a 6 días) tuvieron una fijación más 
alta que las de menor edad, aunque luego, menos larvas de 6 días de edad metamorfosearan. La temperatura no afectó a la 
tasa de fijación, pero sí se reducía la tasa de metamorfosis a 14°C (en comparación con 17 o 20°C), lo que implica que las 
diferencias en la temperatura durante el período de reproducción pueden afectar a la rapidez de la metamorfosis de las larvas 
cipris a juveniles. Las larvas cipris sobrevivieron periodos de tiempo prolongados (≥20 días; con un 40% de supervivencia), 
probablemente debido a una capacidad de conservación de energía eficiente, intercalando largos períodos de inactividad con 
movimientos repentinos y actividad cuando eran estimuladas. 
Palabras clave: percebes; larvas; asentamiento; fijación; metamorfosis; larva cipris; acuicultura.
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INTRODUCTION
Harvesting Pollicipes pollicipes is an economi-
cally important activity in Portugal and Spain, where 
this species is subject to an intensive fishery (Molares 
and Freire 2003, Borja et al. 2006, Sousa et al. 2013). 
Due to its high market value, conservation interest and 
stock management concerns, there has been continued 
interest in the reproductive cycle and recruitment pat-
terns of this species.
P. pollicipes is a pedunculate barnacle, abundant in 
the very exposed mid- and low-intertidal rocky shore 
(Barnes 1996, Cruz et al. 2010), normally found in 
clusters of sessile adults and juveniles attached to each 
other and to the primary rock substratum. These simul-
taneous hermaphrodites and obligate cross-fertilizers 
require gregariousness in order to mate with conspecif-
ics (Molares et al. 1994, Pavón 2003). After mating, 
embryonic development occurs and hatched larvae are 
released into the water column, where they moult suc-
cessively until the non-feeding cypris stage, which is 
responsible for surface selection and settlement (Mo-
lares et al. 2002). In the wild, the ability of barnacle 
cyprids to find a place to attach permanently depends 
on larval survival and transport, as well as larval selec-
tivity (Shanks 1986, Bertness et al. 1996). 
The cyprid of P. pollicipes settles (in this paper, 
settlement comprises both attachment and metamor-
phosis) intensively on adults of the same species or 
on substrata that have been in contact with conspecific 
adults (e.g. Kugele and Yule 1996, Cruz et al. 2010). 
The cyprid explores surfaces prior to settlement using 
a mechanism of temporary adhesion, which allows it 
to probe a surface’s physical and chemical character-
istics before attaching permanently (Aldred and Clare 
2009). Cyprids can postpone their settlement (Krug 
2006) in order to select a substratum that is suitable, 
possibly exploring surfaces and returning to the water 
column repeatedly before committing to permanent at-
tachment. Once the attachment site has been selected, 
the cyprid secretes a second adhesive that permanently 
fixes it to the substratum (e.g. Nott and Foster 1969, 
Walker 1971, Aldred et al. 2013). Immediately after 
attachment, the cyprid begins metamorphosis into the 
juvenile barnacle. 
Settlement is difficult to estimate in the wild and 
studies often report recruitment, referring to the product 
of successful settlement followed by a period of post-
settlement survival. Consequently, although previous 
field studies have allowed for a better understanding of 
recruitment of this species (e.g. Cruz et al. 2010), little 
is known about the environmental and cyprid-related 
factors that affect settlement, including the process of 
substratum selection. 
Unlike P. pollicipes, a few barnacle species such 
as Balanus amphitrite (=Amphibalanus amphitrite) 
have been the target of extensive research stemming in 
part from their importance as fouling organisms. Bar-
nacle settlement is known to be influenced by surface 
physical characteristics (e.g. Crisp and Barnes 1954, 
Le Tourneux and Bourget 1988), available space (e.g. 
Minchinton and Scheibling 1993), chemical signals 
and cues (e.g. Clare et al. 1995, Holm et al. 2000) 
and allospecific interactions (e.g. presence and char-
acteristics of biofilms; Maki et al. 1988, Keough and 
Raimondi 1996, Wieczorek and Todd 1998). Natural 
cuticle-bound chemical signals produced by adult bar-
nacles in the form of the settlement-inducing protein 
complex, or left on surfaces by conspecific cyprids as 
footprints (e.g. Matsumura et al. 1998, 2000, Dreanno 
et al. 2006), also act as attractants to exploring barnacle 
cyprids. 
Studies with other barnacle species have further 
highlighted the importance of environmental fac-
tors, such as hydrodynamics, temperature, salinity 
and light in settlement modulation. Evidence from 
laboratory studies with Balanus amphitrite, Elminius 
modestus (=Austrominius modestus) and Semiba-
lanus balanoides (=Balanus balanoides) suggest that 
settlement behaviour and surface rejection can vary 
according to flow and water speed (Crisp 1955, Mul-
lineaux and Butman 1991, Rittschof et al. 1984). Both 
temperature and salinity influence settlement, with ef-
fects varying according to species (e.g. Dineen and 
Hines 1992, Marechal et al. 2004) and often within 
wide ranges (e.g. B. amphitrite settles from 15 to 
37°C, with a maximum at 25 to 28°C, and 14-52 psu, 
with a peak settlement at 28-35 psu; Kon-Ya and Miki 
1994). Similarly, barnacle settlement is affected by 
different light conditions (Crisp and Ritz 1973, Paw-
lik 1992, Kon-Ya and Miki 1994). 
Cyprid-related factors, such as larval origin, genetic 
background, parental effects (Holm et al. 2000, Holm 
2012), cyprid condition (Thiyagarajan et al. 2002) 
and age (Holm et al. 2000, Marechal et al. 2012) have 
also been shown to impact settlement. The effects of 
age, in particular, have been reported for various spe-
cies (e.g. B. amphitrite, B. improvisus, B. subalbidus, 
B. eburneus), with cyprid selectivity decreasing with 
increasing age and cyprids losing the ability to meta-
morphose after a certain age (Dineen and Hines 1992, 
Thiyagarajan et al. 2002, Marechal et al. 2004). 
Studies on the settlement of P. pollicipes in culture 
are extremely limited (e.g. Coelho 1991, Kugele and 
Yule 1996), due to both the reportedly high cyprid 
selectivity when settling on artificial substrata and the 
difficulty of rearing viable larvae in the laboratory (e.g. 
Coelho 1990, Molares et al. 1994). This constitutes a 
considerable research gap in understanding the relative 
importance of the aforementioned factors in modulat-
ing recruitment in nature and in developing the culture 
of this species. The few laboratory studies with P. pol-
licipes habitually used artificial substrata under static 
conditions and standard temperature and salinity, with 
no reference to other culture factors (e.g. light, cyprid 
age) and with reports of either null or negligible settle-
ment (Coelho 1991, Molares 1994, Kugele and Yule 
1996). The best results, with <1% of settlement, were 
attained by Kugele and Yule (1996), who reported that 
the limited settlement occurred mostly on the adults 
(≈93% of the 115 settled larvae) rather than on artifi-
cial substrata. Nevertheless, though the lack of settle-
ment on artificial substrata in culture prevents the use 
of standard laboratory assays, the strong preference for 
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settlement on conspecific adults presents an opportu-
nity to understand the key environmental and larval-
related factors that modulate settlement of the species. 
To this end, the present study investigated the ef-
fects of environmental conditions (hydrodynamics, 
temperature, salinity and light) and cyprid-related fac-
tors (cyprid age and batch) on the settlement of P. pol-
licipes on conspecifics, in order to better understand the 
effects of these factors on laboratory settlement and, by 
extension, on natural recruitment. It was hypothesized 
that attachment would be higher under conditions 
observed during the breeding season (e.g. higher tem-
perature and a long-day photoperiod), decreasing with 
unnatural salinities (e.g. 20 psu), with hydrodynamic 
conditions (e.g static) and in older cyprids, and varying 
with batch. It was further hypothesized that metamor-
phosis would vary with environmental factors, age and 
batch due, respectively, to the possible impact of these 
factors on metabolism, energy reserves and parental/
genetic effects. Furthermore, temporal patterns of set-
tlement were investigated to determine the attachment 
and metamorphosis rate, as well as the survival of 
cyprids in culture. 
MATERIALS AND METHODS
Barnacle collection and larval culture
Clusters of barnacles were collected from the 
SW coast of Portugal (Cabo Sardão, Portugal, 
37°36′24.70″N, 8°49′2.00″W) during the reproductive 
season and transported within 36 h to the School of 
Marine Science of Technology (Newcastle Univer-
sity, UK), where the barnacles were dissected (n≥60 
individuals) to extract egg lamellae. Lamellae were 
separated according to developmental stage and mature 
lamellae were cut to assist naupliar release. Nauplii 
were selected by positive phototaxic behaviour and 
transferred into culture. Cultures were semistatic, with 
minimal bottom aeration, in plastic carboys contain-
ing 10 L of 0.2 µm natural filtered seawater (FSW) at 
20±1°C, 16:8 L/D (dim light, 200-1500 lux), 33±1 psu 
and antibiotics (0.0232 g l–1 penicillin and 0.0369 g l–1 
streptomycin), with 1 larva ml–1. Cultures were fed af-
ter water changes every two days with a 1:1 mixed diet 
of Tetraselmis chuii and Isochrysis galbana (104 cells 
ml–1). Larval cultures were monitored daily in order to 
determine when the majority had reached the cyprid 
stage, whereupon cultures were filtered through a 60-
µm mesh. 
Experimental design and data collection
A series of six experiments (Exp. 1 to 6) were 
conducted to test the factors that mediate cyprid settle-
ment on adults and to investigate the effects of abiotic 
and biotic factors on attachment and metamorphosis. 
These included testing various environmental condi-
tions, specifically hydrodynamics (Exp. 1; August 
2012), temperature (Exp. 2; June 2012), salinity (Exp. 
3; June 2013) and light (Exp. 4; August 2013), as well 
as cyprid age (Exp. 5; August 2011) and batch (Exp. 6; 
June 2011, 2012, 2013). Two additional experiments 
(Exp. 7 and 8; respectively done in August 2011 and 
2012) were conducted to follow cyprid settlement (at-
tachment and metamorphosis) and survival over time. 
Identical assays were conducted for all experiments 
with the setup adjusted for the factor under investiga-
tion, as detailed below. Cyprid settlement assays were 
no-choice assays (except Exp. 4) in 500-ml conical 
flasks, 0.2 µm natural FSW, kept at 20±1°C, 16:8L/D 
(dim light, 500-1000 lux), 33±1 psu, antibiotics (as 
previously) and low bottom aeration. To exclude the 
possibility of cannibalism, adults were placed in 50-
mL Falcon tubes® (whose lid had been cut to allow the 
stalk through and sealed with Parafilm), with the stalk 
towards the inside of the tube and the capitulum on the 
outside. The tubes were filled with FSW and 50 cyprids 
were added to each replicate tube (1 larva ml–1). The 
tubes were then sealed and placed inside conical flasks, 
to allow the adult to be submerged and extend its cirri. 
The larvae could swim inside the tube, with the adult 
stalk and the inner surface of the polypropylene tube 
as alternative settlement substrata (Fig. 1). Each treat-
ment comprised 9 adults, one per tube assembly, with 
50 cyprids from the same batch (except for Exp. 6, in 
which cyprids were from different batches). Prior to 
the experiments, all adults were checked for recruits 
and the stalks were gently cleaned, to ensure compa-
rable experimental conditions and no previous settle-
ment. Except for data collection, the setup was left 
undisturbed, with no further water changes or feeds.
Exp. 1 Hydrodynamic conditions
Treatments were selected to facilitate comparison 
between static conditions (no interference with larval 
movement) and moving water, either from circular 
Fig. 1. – Photograph (A), simplified CAD model (B) (rotated view) 
and annotated diagram (C) of the standard experimental setup used, 
where a, is adult barnacle capitulum; b, adult barnacle stalk; c, tube 
with cyprids and adult stalk in seawater; d, airline; e, surrounding 
seawater; and f, conical flask. The setup consists of a 500-ml conical 
flask containing seawater, which holds internally a vertically placed 
50-ml tube (whose lid has been cut off) containing an adult barnacle 
(held vertically by the Parafilm used to seal the tube), whose capitu-
lum extends towards the outside and the stalk towards the inside of 
the tube. The inner tube contained both the adult barnacle stalk and 
cyprids, while on the outside of the tube the barnacle could extend 
the cirri and feed on microalgae without the risk of cannibalism.
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currents or turbulence induced by bottom aeration. 
The static treatment (static) was achieved by leaving 
the systems (flask and tube) fixed and undisturbed. 
For moving water (moving), all replicate systems 
were placed on an orbital shaker (SSL1 Stuart®) set 
for constant 30 rpm. The aerated treatment (aerated) 
was achieved by placing weak point aeration inside 
the adult tube, facilitating larval movement by force 
of air bubbling inside and allowing the air to escape 
by means of a secondary tube. A treatment with an 
air-water interface (interface), identical to the moving 
treatment, was also established to allow comparison 
with treatments in which settlement was tested ex-
cluding air, as cyprids often become trapped at the 
air-water interface (Di Fino et al. 2014). This had the 
tubes containing the adults fully filled with FSW to 
0.5 cm from the top, which allowed a liquid meniscus 
and air-water interface within each tube. The adults 
were removed from the conical flasks after 48 h and 
the number of larvae permanently attached to the 
stalk was counted and expressed as a percentage of 
the initial number of larvae. The adults were then 
placed back into culture and the water was changed, 
with unattached cyprids excluded. After 1 week, the 
adults were observed again for number of metamor-
phosed larvae, expressed as a percentage of the total 
number attached at 48 h.
Exp. 2 Temperature
Each treatment was kept in a separate tempera-
ture-controlled incubator (LabHeat© and LabCold© 
RLCH0400 Incubator Units), set respectively at 14, 
17 or 20°C. These temperatures are within the range 
normally experienced by this species in the wild (14-
20°C, Sines, Portugal; Instituto Hidrográfico 2015), 
during the breeding season that occurs from May to 
October (Cruz and Araújo 1999). The water tempera-
tures were checked daily (Juwel® Digital Aquarium 
Thermometer) to ensure that they were maintained 
within ±1°C. Settlement (portion attached and portion 
that subsequently metamorphosed) was recorded and 
expressed as in Exp. 1.
Exp. 3 Salinity
Larval culture of this species has commonly been 
done at 33-37 psu (Coelho 1990, Molares 1994, Mo-
lares et al. 1994), with natural salinity on the Portuguese 
coast varying between 35.8 and 36.0 psu, depending on 
up/down welling dominance (Bischof et al. 2003) and 
further sea surface variations due to precipitation, river 
efflux and evaporation (Talley 2002). However, results 
of previous laboratory trials showed no differences 
in attachment and metamorphosis of larvae reared at 
32-40 psu (umpub. results). Therefore, three salinity 
treatments, 20, 30 and 40 psu, were used in order to 
assess tolerance in a wider range. The salinity of each 
treatment was checked daily (Hand-Held Refractom-
eter B+S©) and adjusted as necessary so that variations 
were <1 psu. Settlement was recorded and expressed 
as in Exp. 1.
Exp. 4 Light
This experiment comprised two assays. The effect 
of light and dark conditions, and shade were exam-
ined in choice (lighted side versus shaded side of adult 
stalk) and no-choice assays (illumination versus dark), 
respectively. All treatments were kept in photoperiod-
controlled incubators (LabHeat© RLCH0400 Incubator 
Unit). Where lighting was used, the light intensity was 
1233±145 lux (Osram Fluora®, L 36W/77). A total of 27 
adults were used in the experiment: 9 in the dark (0:24 
L/D); 9 in full light (0:24 L/D); and the remaining 9 
subjected to incident light on one side so that they were 
shaded on the other. Tubes in the light versus shade as-
say were fixed inside each conical flask and marked ac-
cording to which side was in full light and which was in 
relative shade. The larvae were then able to swim freely 
and settle on the selected area (light or shade). For the 
no-choice assays, the numbers of permanently attached 
and metamorphosed individuals were counted and ex-
pressed as in Exp. 1. For the choice assay, attached and 
metamorphosed individuals on the lighted and shaded 
sides of each adult stalk were recorded and expressed as 
a percentage of the number of initial larvae added. 
Exp. 5 Cyprid age
Newly metamorphosed cyprids were filtered from 
culture, separated into replicate groups and then aged 
at the culture temperature for 0, 3 or 6 days. Replicate 
groups were kept in 0.2 µm natural FSW, at 20±1°C, 
0:24 L/D, 33±1 psu until assayed. Settlement was re-
corded and expressed as in Exp. 1.
Exp. 6 Larval batch
This experiment examined whether larvae from dif-
ferent batches (termed A, B and C) cultured under identi-
cal conditions but collected from distinct groups of adults 
(collected from the same location) over three consecutive 
years (in June 2011, 2012 and 2013) had comparable rates 
of settlement. Egg lamellae were extracted from different 
wild-collected adults (n=30) and after hatching the nauplii 
were cultured to the cyprid stage as described previously. 
Settlement was recorded and expressed as in Exp. 1.
Exp. 7 Rate of settlement
Percentage permanent attachment on adults (n=9) 
was determined at 24, 48, 72 and 96 hours as in Exp. 1. 
No water changes were made to any of the replicates to 
avoid associated mortality. Metamorphosis of attached 
larvae on adults (n=9) was monitored from 48 h post-
attachment at 3-day intervals, up to and including day 
12. For the latter assay, the water was changed at 48 h to 
exclude unattached cyprids, so that time to metamorpho-
sis of attached cyprids could be accurately determined. 
Exp. 8 Cyprid survival over time
This experiment examined survival of the cyprids 
in culture in the absence of settlement substrata (con-
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specific adults), using nine replicate sets of larvae from 
the same batch. Survival was monitored every 48 h 
over a period of 20 days. The seawater from replicate 
tubes was sieved through a 60-µm mesh every 48 h. 
The number of live cyprids was counted under a stere-
omicroscope and expressed as a percentage of the total 
number of cyprids retained on the sieve.
Statistical analyses
Results were analysed using Statistica®, with a 
significance level of 0.05. Data analysis was carried 
out on the basis of homogeneity of variances (Lev-
ene’s test) and normality (Kolmogorov-Smirnov 
test), while significant differences were detected 
by using one-way ANOVA, followed by a post-hoc 
Tukey HSD test when relevant. Data as percentages 
were arcsine transformed pre-analysis. When only 
two treatments were being compared (e.g. light-shade 
choice assay) a Student t-test was used for dependent 
or independent samples, as appropriate. Regressions 
were used to analyse effects over time on permanent 
attachment, metamorphosis and survival of the larvae. 
The curves presented were selected by significance (F 
and p-values) and best fit (R2) within the measured 
range and are not a basis for extrapolation outside 
of this context. All results are presented as the mean 
±SD, unless stated otherwise.
RESULTS
 
Hydrodynamic conditions, temperature, salinity 
and light
Permanent attachment and metamorphosis (settle-
ment) of larvae on adults, according to the different 
environmental conditions of hydrodynamics, tem-
perature, salinity, light and the cyprid-related factors 
of age and batch, are shown in Figures 2 and 3 (A to 
F). Permanent attachment varied significantly with 
hydrodynamic conditions (ANOVA; F=14.26, p<0.01; 
Fig. 2A), being lower in the static condition (12.67 ± 
4.87%) than in the other treatments (29.93±9.13%; 
Tukey’s test; p≤0.01), which were not significantly dif-
ferent from each other (Tukey’s test; p≥0.17). Larvae 
maintained in static conditions were less active than 
those kept in hydrodynamic conditions. Larvae in the 
interface treatment tended to swim close to the water 
surface and settled on the adult stalk just beneath the 
meniscus. The percentage of larvae metamorphosing 
within one week of adding cyprids was not affected by 
hydrodynamic conditions (ANOVA, F=0.29, p=0.83; 
Fig. 3A), averaging 73.81±10.02%.
Though cyprids kept at higher temperatures were 
considerably more active than those kept at lower tem-
peratures, no significant differences were observed for 
permanent attachment (ANOVA, F=0.30, p=0.75; Fig. 
2B), which averaged 32.30±12.36% across treatments. 
However, total metamorphosis over the first week 
varied significantly according to treatment (ANOVA, 
F=9.01, p<0.01; Fig. 3B), increasing in line with tem-
perature from 59.78±11.43% at 14°C to 79.22±7.33% 
at 20°C (significantly different from each other; Tukey 
Test, p<0.01).
Salinity affected both permanent attachment (ANO-
VA, F= 5.68, p<0.01) and metamorphosis (ANOVA, 
F=13.36, p<0.01) (Figs 2C and 3C). Permanent attach-
ment was significantly lower at 20 psu (23.78±5.93%; 
Tukey’s test, p≤0.04) than at 30 and 40 psu (on aver-
age 31.56±5.52%). The same pattern was observed for 
metamorphosis: 52.11±8.51% at 20 psu and an average 
of 69.11±8.37% at higher salinities (30 and 40 psu; 
Tukey’s test, p<0.01).
Cyprid permanent attachment in the light was ap-
proximately double that in the dark (Table 1: light vs. 
dark–no choice; t-test-independent samples, df=16, 
p<0.01). This preference for attachment in light con-
ditions was confirmed in the choice assay (Table 1: 
light or shade choice; t-test-dependent samples, df=8, 
p<0.01), where of the 33.11±6.51% of cyprids that 
attached, 26.11±6.13% did so on the illuminated side 
and 7.00±1.93% on the shaded side. No differences 
were observed in metamorphosis within the first week 
between different light conditions (Table 1; no-choice, 
t-test-independent samples, df=16, p=0.67; choice, 
t-test-dependent samples, df=8, p=0.48), which aver-
aged 72.82±6.92%.
Cyprid age and batch
The age of cyprids (Figs 2E and 3E) significantly 
affected permanent attachment (ANOVA, F=8.60, 
p<0.01) and metamorphosis (ANOVA, F=5.47, 
p=0.01). Larvae in all groups appeared healthy, with 
visible numbers of lipid droplets. Permanent attach-
ment was higher for aged larvae (32.89±5.09% for 
3-day-old and 36.89±3.59% for 6-day-old larvae; 
not significantly different; Tukey’s test; p=0.30) than 
un-aged larvae (26.44±6.84%; Tukey’s test, p≤0.04). 
Successful metamorphosis within the first week de-
creased with ageing and was significantly lower for 
cyprids aged for 6 days than for those aged for 3 days 
(60.89±7.83%; Tukey’s test, p=0.01). 
Permanent attachment (ANOVA, F= 4.12, 
p=0.03) and metamorphosis rate (ANOVA, F=7.36, 
Table 1. – Permanent attachment (% 48 h–1) and metamorphosis (% 
w–1) of larvae allowed to settle on adults, in culture, under different 
lighting conditions. Treatments were as follows: (dark–no choice) 
0:24 L/D photoperiod in a no-choice assay; (light–no choice) 24/0 
L/D photoperiod, created by multiple surrounding light sources in 
a no-choice assay; (light or shade–choice) 24:0 L/D photoperiod, 
created by a single light source in a double-choice assay between the 
side directly exposed to light (light) and shaded from light (shade). 
Cyprid numbers for the choice assay were counted for both light and 
shade sides separately and added to calculate the total values for the 
light or shade choice values. Differences between treatments were 
significant for permanent attachment (ANOVA, F=39.89, p<0.01) 
but not metamorphosis (ANOVA, F=0.34, p=0.84). Values are pre-
sented as mean ±SD.
Light Permanent attachment (%)
Metamorphosis  
(%)
Dark–no choice 18.00±5.48 73.89±9.17
Light–no choice 35.44±6.29 71.56±6.04
Light or shade–choice 33.11±6.51 72.89±3.54
       Light exposed 26.11±6.13 71.33±6.10
       Shaded 7.00±1.94 74.44±9.19
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p<0.01) varied with larval batch (Figs 2F and 
3F). These differences were significant between 
batches A or B and C for permanent attachment 
(Tukey’s test, p=0.04) as well as between B and A 
or C for metamorphosis (Tukey’s test, p≤0.01); all 
other comparisons were not significantly different 
(Tukey’s test; p≥0.08). Permanent attachment var-
ied between 27.00±6.48 and 34.11±5.06%, while 
metamorphosis ranged between 55.22±7.83 and 
69.33±9.28%. It is important to note that the meas-
ure of metamorphosed larvae is always expressed 
as a percentage of the total larvae attached at 48 h 
Fig. 2. – Permanent attachment (% 48 h–1; mean±SE) of P. pollicipes larva, allowed to settle on the adults in culture under various environmen-
tal conditions of hydrodynamics (A), temperature (B), salinity (C) and light (D), as well the cyprid-related factors of cyprid age (E) and batch 
origin (F). Hydrodynamic conditions tested (A) were as follows: (static) no water movement, (moving) circular water movement, (aerated) 
water kept under constant aeration and (interface) surface not fully submersed, but with interface between air and water. Temperatures tested 
(B) included 14, 17 and 20°C, and salinities (C) were 20, 30 and 40 psu. Light treatments (D) were as follows: (0:24 L/D) full dark photoperiod 
and (24/0 L/D) full light photoperiod. Cyprid ageing (E) was done for 0, 3 and 6 days and batches tested (F) were collected from adults during 
the breeding seasons of 2011 (A), 2012 (B), and 2013 (C).
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and not as the percentage of larvae added initially. 
Batch differences accounted for variations of the 
order of 7% and 15% for permanent attachment and 
metamorphosis, respectively, for groups of larvae 
reared under similar conditions but collected in 
consecutive years. 
Rate of settlement and cyprid survival over time
Significant differences were recorded for perma-
nent attachment with time (Fig. 4A; polynomial re-
gression: y=–0.0043x2+0.74x–0.33, xϵ[0,96]; R2=0.99, 
F=133.67, p<0.01). Attachment increased over the first 
Fig. 3. – Metamorphosis (% w–1; mean±SE) of P. pollicipes larva allowed to settle on the adults in culture under various environmental 
conditions of hydrodynamics (A), temperature (B), salinity (C) and light (D), as well the cyprid-related factors of cyprid age (E) and batch 
origin (F). Hydrodynamic conditions tested (a) were as follows: (static) no water movement, (moving) circular water movement, (aerated) 
water kept under constant aeration and (interface) surface not fully submerged, but with interface between air and water. Temperature 
tested (B) included 14, 17 and 20°C, and salinities (C) were 20, 30 and 40 psu. Light treatments (D) were as follows: (0) 0:24 L/D photo-
period on a no-choice assay; (1) 24/0 L/D photoperiod, created by all surrounding light, in a no-choice assay; (2) 24:0 L/D photoperiod, 
created with a single light source, on a double-choice assay between the side directly exposed to light (light) and the side shaded from light 
(shade). Cyprid ageing (E) was done for 0, 3 and 6 days and batches tested (F) were collected from adults during the breeding seasons of 
2011 (A), 2012 (B) and 2013 (C).
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48 h, after which it stabilized at around 30%. Similarly, 
the rate of metamorphosis also changed with time (Fig. 
4B; polynomial regression: y=–0.54x2+13.34x–1.94, 
xϵ[0,12]; R2=0.98, F=48.76, p=0.02), increasing to 
80.67±4.97% by day 12. About 10% of cyprids failed 
to metamorphose even after 18 days. 
When larval survival in culture was evaluated in the 
absence of settlement substrata, cyprids lived for ex-
tended periods, with mortality after 20 days at around 
50%. Survival decreased significantly with time (Fig. 
5; polynomial regression: y=–0.09x2+0.69x+100.34, 
xϵ[0,20]; R2=0.99, F=1479.23, p<0.01). Survival for 
the first 6 days post-metamorphosis to the cyprid was 
over 95%, thereafter declining gradually until day 16 
(to ≈70%), at which point a steeper decline commenced 
(Fig. 5). Cyprid activity also declined with time, as 
did visible lipid reserves (oil droplets). Living cyprids 
were observed even after 30 days in culture, although 
the amount of available lipid was virtually non-existent 
and cyprid activity was minimal.
DISCUSSION
Effects of environmental conditions on settlement
Environmental conditions (hydrodynamics, light, 
salinity and temperature) and their effects on settle-
ment were investigated. The effects of water move-
ment on barnacle settlement have been widely studied 
(e.g. Crisp 1955, Mullineaux and Butman 1991). In 
the present study, permanent attachment was lower in 
static conditions, suggesting that dynamic conditions 
favour settlement. This is in agreement with the condi-
tions experienced by larvae in the natural environment, 
where flow is highly turbulent. Though the method of 
water agitation used in this study either facilitated (e.g. 
aeration) or hindered (e.g. orbital shaker) the circula-
tion of cyprids, no significant differences in attachment 
or metamorphosis were found according to the type of 
hydrodynamism, supporting the notion that transport 
of cyprids to a suitable surface is more important than 
the flow characteristics. The lack of a difference in 
the rate of metamorphosis according to hydrodynamic 
conditions further implied that there was no significant 
difference in energy expenditure in each treatment. In-
terestingly, in the air-water interface condition, cyprids 
were observed at the water meniscus and out of water 
stuck to the surface. When observed under the ster-
eomicroscope, P. pollicipes cyprids that had settled out 
of the water appeared to be covered by a thin layer of 
water, protecting them from desiccation. The same was 
observed for the cyprids attached to adult stalks, which 
were mostly found settled in between the scales. It is 
unclear whether this attachment pattern at the meniscus 
is an adaptive characteristic, which in nature may serve 
to target upper water column levels, or an artefact of 
laboratory rearing (see Di Fino et al. 2014).
The effects of salinity on settlement have been 
investigated for several barnacle species (e.g. B. im-
Fig. 4. – Permanent attachment (A -%; mean±SD) and metamorphosis (B -%; mean±SD) of larvae allowed to settle on adults in culture, with 
time. Permanent attachment was observed at 24-h intervals for a period of 96 h, while metamorphosis was monitored every 3 days for a period 
of 12 days post-attachment. The fitted curves for permanent attachment (polynomial regression: y=–0.0043x2+0.74x–0.33, xϵ[0,96]; R2=0.99, 
F=133.67, p<0.01) and metamorphosis (polynomial regression: y=–0.54x2+13.34x–1.94, xϵ[0,12]; R2=0.98, F=48.76, p=0.02) for the present 
data are also shown.
Fig. 5. – Cyprid survival (%; mean±SD) according to time in culture. 
Monitoring was done at two-day intervals for a period of 20 days. 
The fitted curve (polynomial regression: y=–0.09x2+0.69x+100.34, 
xϵ[0,20]; R2=0.99, F=1479.23, p<0.01) for the present data is also 
shown.
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provisus, B. eburneus, B. subalbidus; Dineen and 
Hines 1992, 1994a,b). For P. pollicipes, cyprid explo-
ration and attachment decreased (≈10% at 20 psu) at 
salinities below natural (30-40 psu), in a similar way 
to metamorphosis rate (≈20%). P. pollicipes inhabit 
coastal environments where salinity ranges between 33 
and 37 psu and it is therefore not surprising that larvae 
are better adapted to survive and develop within this 
range. Regulatory mechanisms needed to cope with 
sub-natural salinities, or the recognition of sub-optimal 
conditions, might lead to a decrease in surface explo-
ration, but also a reduced capacity to metamorphose. 
Nevertheless, the tolerance to lower salinities (e.g. 20 
psu) is indicative of physiological plasticity, as seen 
in other barnacle species (e.g. B. amphitrite, Kon-Ya 
and Miki 1994). This increased tolerance to a range of 
salinities might relate to their adaptation to the highly-
exposed intertidal, where larvae can be subjected to sit-
uations of higher salinity (e.g. after water evaporation 
on rock pools during low tide) or lower salinity on the 
surface water layer (e.g. after precipitation). Other au-
thors (e.g. Dineen and Hines 1994a, b) have observed 
that the response to salinity varies significantly with 
species selectivity, correlating with their distribution 
range, but can also be heavily influenced by other fac-
tors such as age and the use of barnacle extracts, which 
contain settlement pheromone (Clare 2011). 
The mostly positive phototactic behaviour of P. pol-
licipes nauplii (Molares et al. 2002) also has ecological 
advantages by placing larvae higher in the water col-
umn, thus facilitating their feeding on phytoplankton. In 
nature, larvae are also subjected to long-day photoperi-
ods during the breeding season. In this study, the overall 
preference was for permanent attachment in illuminated 
areas, with rates almost four times higher than those in 
the shaded areas. Results from other studies indicate that 
settlement can vary with light, with many species show-
ing positive phototaxis and with species-specific prefer-
ences for settlement under direct or diffuse light (e.g. 
Daniel 1957, Crisp and Ritz 1973, Pawlik 1992), which 
have been suggested to be adaptive responses. The lack 
of difference in metamorphosis rate suggests that this 
process is independent of light.
Temperature has well-documented effects on bar-
nacle larval development and survival (Satuito et al. 
1996, Marechal et al. 2004). Results from Coelho 
(1990) indicate that the use of higher temperatures 
significantly decreases larval development time in P. 
pollicipes, as well as survival. This also applies to bar-
nacle cyprids, as higher temperatures increase meta-
bolic rate and oxygen consumption, with effects on the 
depletion of energy reserves and a reduction in com-
petence to settle (Satuito et al. 1996). Studies on other 
species (e.g. Thiyagarajan et al. 2003) have shown 
that settlement can vary according to temperature. Al-
though permanent attachment was not influenced by 
temperature, metamorphosis rate was higher (≥20%) 
at higher temperatures (17 and 20°C). This can be re-
lated to temperature accelerating development in the 
first week and not necessarily implying a higher rate 
of metamorphosis at these temperatures. For example, 
B. amphitrite larvae reared at 20°C could successfully 
metamorphose over a shorter period than those reared 
at 30°C (Anil et al. 2001). Moreover, Pechenik et al. 
(1993) reported that cyprids that were forced to delay 
metamorphosis showed slow post-settlement growth, 
in spite of the lack of effects on completion of meta-
morphosis and post-settlement survival, highlighting 
the need for further investigation in P. pollicipes. In 
nature, temperatures over the breeding season vary 
between 14 and 20°C from May to October, tending 
to the upper range from July to September. Faster 
metamorphosis at higher temperatures might therefore 
confer a competitive advantage during this period. 
Larval condition, origin and settlement over time
Of the cyprid-related factors that might affect set-
tlement on conspecifics in culture, only ageing and 
larval batch were investigated. Cyprids of Balanus 
amphitrite become less selective for substrata as they 
age (Rittschof et al. 1984), consistent with the ‘desper-
ate larva hypothesis’ (Toonen and Pawlik 1994). In 
the present experiments with P. pollicipes, attachment 
also increased as larvae aged. Rittschof et al. (1984) 
also reported that age-dependent responses of cyprids 
decrease in the presence of settlement inducers, which 
suggests that if settlement was being tested on sub-
strata other than the adult, these settlement differences 
could be higher. The temperature at which cyprids are 
aged is also crucial to this effect. Satuito et al. (1996) 
found that storage protein (cyprid major protein) in B. 
amphitrite decreases with time when ageing is carried 
out at 15, 20 and 25°C, but not at 5°C. However, longer 
ageing implies decreased storage reserves, which sig-
nify reduced competence, or ability to metamorphose, 
in aged cyprids (Holland and Walker 1975, Lucas et 
al. 1979, Satuito et al. 1996). This seems to be the case 
for P. pollicipes in which, after a week, fewer meta-
morphosed cyprids were observed in stocks aged for 6 
days. However, this does not necessarily imply an ab-
solute decrease in metamorphosis, but rather a possible 
decrease in rate. A settled cyprid will always attempt to 
moult to a juvenile barnacle (West and Costlow 2005) 
although a minimum oil cell volume is required to en-
sure successful metamorphosis. As cyprids age, there-
fore, the number of cyprids incapable of completing 
metamorphosis will increase. Furthermore, it should be 
noted that post-settlement growth can decrease in aged 
barnacle cyprids, even if metamorphosis rate is not af-
fected (Pechenik et al. 1993). There are also interesting 
implications with regard to what might be happening 
in the wild. Barnacle cyprids are known to postpone 
their settlement for varying periods that differ between 
species (Knight-Jones 1953, Krug 2006). However, al-
though cyprids of P. pollicipes might be able to survive 
in the wild for long periods, the ability to successfully 
attach and metamorphose will likely decrease stead-
ily with time, selecting only the fittest individuals. In 
the laboratory, S. balanoides lasted 28 days (10°C) 
on energy reserves, after which the capacity to meta-
morphose was compromised due to a drop in reserves 
below the critical minimum for moulting (Lucas et 
al. 1979). As the quantity of the storage reserves will 
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determine how long settlement can be delayed until a 
settlement site is identified, the timing of larval release 
and development rate is of paramount importance. 
Batch differences also affected permanent attach-
ment and metamorphosis and could impact the vari-
ability of recruitment in the wild. Although in the pre-
sent study the maximum attachment differences were 
about 10%, Holm et al. (2000) reported differences of 
10% to 40% in settlement for different batches of B. 
amphitrite larvae, most likely due to parental as well as 
environmental effects. 
The present study presents the first reference val-
ues for P. pollicipes larval permanent attachment over 
time, which follow patterns previously reported for 
other species (e.g. Rittschof et al. 1984). Metamor-
phosis was no exception, with approximately 80% of 
larvae moulting within 12 days and about 10% of lar-
vae failing to metamorphose. Kugele and Yule (1996) 
reported a similar pattern, with 64% of cyprids meta-
morphosing in 6 days, 18% failing to metamorphose, 
and negligible settlement on non-conspecific substrata. 
The percentage of cyprids failing to metamorphose in 
the laboratory suggests that the health of laboratory-
reared larvae is certainly an issue to consider. 
Cyprid survival in the absence of conspecific sub-
strata showed a steady rate of decline to ≈50% after 20 
days in culture, reflecting the larval capacity to survive 
over long periods in the water column. It is further hy-
pothesized that, during summer, the long survival could 
be prolonged by periods of colder water temperatures 
associated with upwelling events (Fiuza et al. 1982). 
Increasing lethargy of larvae over this period might 
represent an energy-saving strategy to survive for long 
periods in the wild, when settlement is not possible and 
larvae are dependent on currents for suitable on-shore 
transport. However, results for other species indicate 
particularly long cyprid phases for larvae reared in 
culture (Batham 1946) and it cannot be excluded that 
these may be overestimations of survival in the wild. 
The results of this study constitute the first labora-
tory investigation into some of the factors modulating 
gregarious settlement of this species. Gregariousness 
occurred over a range of conditions, but attachment 
and metamorphosis were influenced independently 
by the various experimental treatments. Larval-related 
factors affected both attachment and metamorphosis, 
with cyprid age decreasing both rates. Larvae were 
nevertheless capable of surviving for extended periods. 
All abiotic factors tested (except temperature) affected 
permanent attachment, which was optimal under con-
ditions of light, salinity and hydrodynamics similar to 
those experienced in nature. On the other hand, meta-
morphosis was affected by neither light nor hydrody-
namism, but was higher at natural salinities and higher 
temperatures, conditions consistent with the breeding 
season (Cruz and Araújo 1999) and downwelling pe-
riods (Fiuza et al. 1982). Although these observations 
might suggest that P. pollicipes cyprids could cope well 
with predicted temperature and salinity fluctuations in 
the North Atlantic Ocean, further studies should inves-
tigate the interaction of these factors, particularly with-
in the context of climate change. Furthermore, although 
larvae settled heavily on conspecific adults, habitat se-
lection in nature is likely to be mediated by a variety of 
factors beyond those addressed here, such as transport 
to the coast, larval choice and post-settlement survival. 
Further research on the importance of substrata-related 
factors, both abiotic (e.g. surface topography, desicca-
tion) and biotic (e.g. presence of incumbents, including 
biofilm, predation, competition and chemical signals/
cues), is essential to understand how the interaction of 
these factors modulates recruitment and constitutes an 
essential tool for stock management programmes. 
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